Effective invasion of alfalfa by Rhizobium meliloti RmlO21 normally requires the presence of succinoglycan, an exopolysaccharide (EPS) produced by the bacterium. However, RmlO21 has the ability to produce a second EPS (EPS II) that can suppress the symbiotic defects of succinoglycan-deficient strains. EPS II is a polymer of modified glucose-(f8-1,3)-galactose subunits and is produced by RmlO21 derivatives carrying either an expRiO0 or mucR mutation. If the ability to synthesize succinoglycan is blocked genetically, expRiOl derivatives of Rm1O21 are nodulationproficient, whereas mucR derivatives of RmlO21 are not. The difference in nodulation proficiency between these two classes of EPS 11-producing strains is due to the specific production of a low molecular weight form of EPS H by expR101 strains. A low molecular weight EPS II fraction consisting of 15-20 EPS II disaccharide subunits efficiently allows nodule invasion by noninfective strains when present in amounts as low as 7 pmol per plant, suggesting that low molecular weight EPS II may act as a symbiotic signal during infection.
EPS (EPS II) that can suppress the symbiotic defects of succinoglycan-deficient strains. EPS II is a polymer of modified glucose-(f8-1,3)-galactose subunits and is produced by RmlO21 derivatives carrying either an expRiO0 or mucR mutation. If the ability to synthesize succinoglycan is blocked genetically, expRiOl derivatives of Rm1O21 are nodulationproficient, whereas mucR derivatives of RmlO21 are not. The difference in nodulation proficiency between these two classes of EPS 11-producing strains is due to the specific production of a low molecular weight form of EPS H by expR101 strains. A low molecular weight EPS II fraction consisting of [15] [16] [17] [18] [19] [20] EPS II disaccharide subunits efficiently allows nodule invasion by noninfective strains when present in amounts as low as 7 pmol per plant, suggesting that low molecular weight EPS II may act as a symbiotic signal during infection.
The soil bacterium Rhizobium meliloti fixes nitrogen in symbiotic association with the leguminous plant Medicago sativa (alfalfa). Molecular analyses have revealed that early steps in establishment of this symbiosis depend upon an exchange of small signaling molecules between the two partners (1, 2) . Bacteria invade root nodules via a tube of plant origin called the infection thread. This process depends upon the production of exopolysaccharides (EPSs) by K meliloti (3) , but the role of EPSs in invasion is not yet clear.
Studies focusing on the acidic Calcofluor-binding EPS (succinoglycan) of R. meliloti strain RmlO21 have clearly shown that the EPS is normally required for effective nodulation (4) . Succinoglycan is a polymer of octasaccharide repeating units, each consisting of a backbone of three glucoses and one galactose, a side chain of four glucoses, and succinyl, acetyl, and 1-carboxyethylidene (pyruvyl) modifications in a ratio of approximately 1:1:1 (5-7). R meliloti RmlO21 mutants that fail to synthesize succinoglycan form empty nodules that are devoid of bacteria and bacteroids and are unable to fix nitrogen refs. 3 and 8) . Genetic analyses led to the identification of a 25-kb cluster of exo genes (9-13) on the second symbiotic megaplasmid that are required for the production of succinoglycan (3, 14, 15) , and biosynthetic roles have been assigned to most of these exo gene products (16) . It has been reported that low molecular weight succinoglycan can partially rescue the symbiotic deficiencies of exo mutants (17, 18) . The active species was tentatively assigned as a tetramer of the octasaccharide subunit, but the exact structure is not known (17) . Glazebrook and Walker (19) reported that R. meliloti RmlO21 derivatives carrying the expRi01 mutation synthesize a second EPS (EPS II) that is composed of disaccharide repeats of glucose and galactose carrying acetyl and pyruvyl modifications on the glucose and galactose, respectively (6, 19, 20) . Synthesis of EPS II was induced by the presence of a mutation termed expRlOl. The biosynthesis of EPS II requires the products of at least seven exp loci on the second symbiotic megaplasmid (19) , which are distinct from the exo genes required for succinoglycan production. EPS II is normally produced at extremely low levels by strain RmlO21, but production is greatly increased in derivatives carrying the expR101 mutation due to increased transcription of the exp genes. expRlOl-mediated synthesis of EPS II was shown to suppress the symbiotic defects of succinoglycan-deficient strains on alfalfa (19) . In contrast, it was subsequently reported that R. meliloti derivatives that express EPS II as a consequence of a different mutation, mucR::TnS (21-23), were not symbiotically proficient if their ability to synthesize succinoglycan was blocked genetically (21, 24) . The mucR mutation maps to a different location on the chromosome than the expRi01 mutation, and each mutation appears to increase production of EPS II independently of the other (19, (21) (22) (23) . The EPS II isolated from a strain carrying either an expR101 or a mucR mutation is identical in terms of linkages and modifications (20, 25) .
This report demonstrates that EPS II can indeed substitute for succinoglycan in the invasion process, as concluded previously by Glazebrook and Walker (19) , but that the molecular weight of the EPS is very important. Exogenous addition of low molecular weight EPS II permits R meliloti mutants deficient in both succinoglycan and EPS II synthesis to form nitrogenfixing nodules. A fraction consisting of polymers produced by an expRi01 strain that consists of 15-20 EPS II disaccharide subunits efficiently allows invasion when present in amounts as low as 7 pmol per plant, an observation suggesting that low molecular weight EPS II acts as a signal to the plant.
MATERIALS AND METHODS
Media Genetic Techniques and EPS Isolation. Bacterial growth in Luria-Bertani broth with 2.5 mM MgSO4 and 2.5 mM CaCl2, antibiotic concentrations, and genetic techniques have been described (12) . Mannitol/glutamate/salts (MGS) medium was used for R meliloti EPS II production (17, 22 (27) . Fractionation of low molecular weight EPS II was performed on Sephadex G150 super fine matrix (Pharmacia). All conditions and postcolumn treatments have been described (27) .
Characterization of EPS and Oligosaccharide. Samples for proton NMR spectrometry were exchanged several times with 2H20 and dissolved in 1 ml 2H20. Spectra were obtained with the 500-MHz instrument operated by the Francis Bitter National Magnet Laboratory at the Massachusetts Institute of Technology or with the 500-MHz Bruker AM instrument at the Complex Carbohydrate Research Center at the University of Georgia in Athens.
Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS analyses were performed on a LDI 1700XP instrument (Linear Instruments, Reno, NV) in the negative mode, using a matrix of 100 mM 2,5-dihydroxybenzoic acid in 90% methanol (Linear Instruments, Reno, NV). The spectrometer was calibrated with a polygalacturonic acid standard. The instrument was operated at an accelerating voltage of 30 kV and an extractor voltage of 9 kV. The pressure was -2.1 x 10-6 torr. The sample was ionized with a nitrogen laser (A = 337 nm) with a pulse width of 3 ns and 4-7.5 pJ pulse.
The following settings were used: detector sensitivity, 1275 mV FS; voltage, 4.75 kV. The samples were dissolved in H20, and the matrix-sample mixture (1-2 ,l) was applied to the probe and quickly dried under vacuum. The sample solution was serially diluted with matrix to obtain optimal sensitivity. The mass spectrum was recorded over a mass to charge (m/z) range of 1-50,000; the spectra are the average of 100-2500 shots.
PAGE Analysis of EPS II. PAGE analysis was performed as previously described (27) . PAGE was performed on the EPS II samples using 18% acrylamide gels with deoxycholic acid as a detergent. The gels were Alcian blue/silver-stained (27) .
Nodulation Tests. M. sativa cv. Iroquois was obtained from Agway (Plymouth, IN). Plants were grown and inoculated as described in Leigh et al. (3) . Spot inoculations were performed as described by Dudley et al. (28) and modified as follows: 1 ,lI of H20 containing 0.005 ,ug to 1 ,tg of low molecular weight EPS II was applied directly to a recently germinated root in the region of emerging root hairs. An additional 1 ,ul of the test bacteria (from a 10-4 dilution of an overnight culture in Luria-Bertani broth with 2.5 mM MgSO4 and 2.5 mM CaC12) was placed over the previously added EPS II. Bacteria were recovered from nodules as described by Doherty et al. (29) . Nodulations employing the AH2 mutation, which removes part of a thiamine biosynthetic gene, were carried out in the presence of thiamine.
RESULTS
expR101 Strains Carrying an exo Mutation Produce EPS II but Not Succinoglycan. We used NMR and carbohydrate analyses to confirm that the EPS produced by expRI01 strains carrying exoA or exoF mutations did not produce any succinylcontaining EPS and that the isolated EPS contained glucose and galactose in a ratio of 1:1, which was expected for EPS II. Since Puihler and coworkers (21, 24) had used an exoY mutation to block succinoglycan production in their experiments, we constructed an expROll/exoY double mutant. This double mutant similarly produces only EPS II, as confirmed by both NMR and carbohydrate analyses. Finally, we introduced a mutation, AH2, in which most of the exo region was deleted, into an expRlOl strain. The region deleted by the AH2 mutation includes a thiamine biosynthetic gene necessary for the growth of RmlO21 (30) . The expRlOl AH2 mutant, which must be grown in media supplemented with thiamine, also produces only EPS II.
Invasion of Nodules by expR01 Strains Is Not Dependent on Succinoglycan Production. When alfalfa plants were inoculated with expRlOl derivatives carrying any of the following mutations, exoY, exoA, exoF or AH2, they were green and healthy and grew as tall as plants inoculated with wild-type RmlO21. They had effective nodules that were large, cylindrical, and pink. Bacteria recovered from the nodules were extremely mucoid, nonfluorescent on Calcofluor plates, and shown to retain the expRiOl/exo genotype. In contrast, inoculation with the corresponding exo mutants lacking the expRlOl mutation yielded plants that were stunted, growing no taller than the uninoculated controls, with nodules that were small, round, and white. This confirms that the EPS IIproducing expRiOl/exo bacteria are capable of invading nodules and fixing nitrogen, despite their inability to produce succinoglycan.
mucR EPS II-Producing Strains Are Incapable of Invading Alfalfa. A mucR::TnS exoY mutant was obtained from Puhler and coworkers (21, 24) , and we confirmed their observation that this strain was unable to invade alfalfa plants. Furthermore, we constructed mucR::Tn5 derivatives of exoA, exoF, and AH2 strains and found that they were similarly deficient in nodule invasion. The plants inoculated with these strains were stunted and failed to grow any higher than the uninoculated controls. NMR analyses of the EPS II produced by the mucR strains failed to show any obvious structural differences when compared with the EPS II produced by the expRlOl double mutants described above. However, the poor resolution of the mucR EPS II NMR spectrum suggested that this polymer was larger and therefore had a shorter relaxation time. We also observed that mucRlexo and expRiOl/exo colonies can be distinguished on the basis of colony morphology with the mucRlexo colonies appearing slightly drier than expRIOl/exo colonies.
mucR EPS I1-Producing Strains Do Not Make a Low Molecular Weight Fraction of the EPS. The above observations led us to examine the size range of the EPSs produced by the two classes of strains. Multiple independent samples of EPS II from mucRlexoY and expRlOl/exoY strains were analyzed repeatedly by PAGE. The Alcian blue/silver-stained gel (Fig. 1, inset ) shows significant differences in the electrophoretic mobility pattern of the EPS II produced by each strain. The EPS II from the expRiOl/exoY strain yielded a distinct high mobility ladder pattern, corresponding to lower molecular weight EPS II. This material was essentially absent from the EPS II recovered from the mucRlexoY strain. As the structures have been shown to be identical, the differences can only be attributable to the size of the polymers. Both samples of EPS II showed an obvious staining region of lower mobility corresponding to high molecular weight material and similar amounts of contaminating lipopolysaccharide (LPS).
Analysis by HPAEC confirmed the initial PAGE observations: the expRlOl/exoY EPS II sample contained a range of high to low molecular weight material, while the mucRlexoY EPS II sample contained predominantly high molecular weight material (see Fig. 1 ). These samples were also characterized by MALDI-TOF MS, which showed that each peak in the chromatographic analysis corresponded to a specific multimer of the fully modified EPS II disaccharide repeat (data not shown).
Purified Low Molecular Weight EPS II Rescues a mucR/exoY Mutant. Since the fraction missing from the mucR/exoY mutant corresponded to low molecular weight EPS II and this strain is unable to invade alfalfa, we hypothesized that the low molecular weight EPS II fraction is necessary for nodule invasion. To examine this directly, we purified the expRlOl-specific, low molecular weight EPS II from the higher molecular weight fraction by gel filtration chromatography (Sephadex G150). The total EPS II sample from an expRIOl/exoY strain was separated into three major subfractions: fraction A, high molecular weight (>25 dimer subunits); fraction B, low molecular weight (12-35 dimer subunits); and fraction C, very low molecular weight (1-18 dimer subunits). The approximate size ranges of these fractions were confirmed by HPAEC (see Fig. 2 ); the degree of polymerization of the peaks could be established by comparison to a similar polysaccharide (27) . Note that the smaller molecules elute later in gel filtration chromatography, but earlier in HPAEC; hence, the reversed fraction order here and below. The purified fractions were applied exogenously along with the mucRlexoY strain to determine whether any would restore the ability of this mutant to invade alfalfa nodules (rescue). Following the protocol of Dudley et al. (28) Table 1 ). It is important to note that the contaminating LPS seen in Fig. 1 eluted in fraction A and was not present in the active fraction (see Fig. 2B ).
Low Molecular Weight EPS II Also Rescues an expA/exoA Mutant. To test whether a combination of low molecular weight and high molecular weight EPS II is necessary for successful nodule invasion, we analyzed an exoA/expA mutant in our rescue assay; this mutant is defective in production of both succinoglycan and EPS II. As shown in Table 1 , the low molecular weight EPS II in fraction B rescued an expA/exoA strain with essentially the same efficiency as it rescued a Proc. Natl. Acad. Sci. USA 93 (1996) i i 3A ). The HPAEC chromatograms, shown in Fig. 3A , are an overlay of the eight subfractions from pool B. Based on the rescue numbers, it is probable that the optimum size is from the central left peaks of pool B7. This would explain the -50% reduction in rescue by pool B8. It is not clear why pool B6 failed to rescue at all. It may be that the "active" sizes were present in too low a concentration. Pool B1, and to a lesser extent pool B2, which showed 10% rescue, do have a range of oligomers in the size range of pool B7/B8. This is apparently due to a (A) Fractions B1-B8 correspond to decreasing sizes of polymers of the EPS II dimer subunits. The rescue efficiency of each fraction is shown in Table 3 . The size range of fraction B7 is shown in B. (B) MALDI-TOF MS of the active fraction (B7). The broad "peaks" are due to a family of ions associated with each oligosaccharide, which includes Na+ and K+ adducts, and multiple salt adducts. This analysis shows that pool B7 contains oligomers from 15-20 repeats (6558-8738 Da). The m/z of the x-axis corresponds to mass as only singly charged ions are formed and detected by this method "bulk action" on the gel filtration column, and it is not uncommon for these purification protocols. As MALDI-TOF MS has shown that pool B7 contained oligomers from 15 to 20 fully modified repeats (6558-8738 Da; see Fig. 3B ), we suggest that the most active oligomers would reside in that size range. Further fractionation and analysis will be required to deterpink nodule.
tThe molar quantities shown are based on the average molecular weight for fraction B.
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DISCUSSION
We have explored the differences between two derivatives of R. meliloti RmlO21, each of which synthesizes EPS II but not succinoglycan and which differ in their symbiotic proficiency. We have shown that the EPS II synthesized by the two strains is chemically identical and that the critical difference lies in the molecular weight distribution of the EPS II that each strain synthesizes. The expR1Ol/exoY strain, which is symbiotically proficient, produces a series of EPS II molecules ranging from one or two disaccharide subunits up to high molecular weight material, whereas a mucR/exoY strain, which is symbiotically deficient, produces only high molecular weight EPS II. We have also shown that the addition of very small quantities (-7 pmol per plant) of low molecular weight EPS II (ranging from 12 to 25 disaccharide subunits), derived from the supernatant of an expR1Ol/exoY culture, permitted the efficient formation of nitrogen-fixing nodules by the normally noninfective mucR/exoY strain. Furthermore, the same quantities of the low molecular weight EPS II (50) .
